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Bone-anchored titanium implants have revolutionized oral healthcare. Surface properties of
oral titanium implants play decisive roles for molecular interactions, cellular response and
bone regeneration. Nevertheless, the role of specific surface properties, such as chemical
and phase composition and nanoscale features, for the biological in vivo performance remains
to be established. Partly, this is due to limited transfer of state-of-the-art preparation tech-
niques to complex three-dimensional geometries, analytical tools and access to minute,
intact interfacial layers. As judged by the available results of a few randomized clinical
trials, there is no evidence that any particular type of oral implant has superior long-term
success. Important insights into the recruitment of mesenchymal stem cells, cell–cell com-
munication at the interface and high-resolution imaging of the interface between the
surface oxide and the biological host are prerequisites for the understanding of the mechan-
isms of osseointegration. Strategies for development of the next generation of material surface
modifications for compromised tissue are likely to include time and functionally programmed
properties, pharmacological modulation and incorporation of cellular components.
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1. INTRODUCTION

Titanium implants have revolutionized oral healthcare.
The first generation of successfully used clinical tita-
nium implants, which were machined with a smooth
surface texture, now approach 50 years in clinical use.
The second generation of clinically used implants
underwent chemical and topographical modifications,
usually resulting in a moderately increased surface
topography. Many of these oral implant systems
now approach 15 years of clinical use. The reader
interested in the epidemiology and pathophysiology of
osseointegration is referred to Esposito et al. (1998a,b).

Particularly intriguing is that many of the currently
used oral titanium implants are less well characterized
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with respect to their surface properties. This means
that it is not known whether the improved bone
response is due to the surface roughness or the surface
composition. Further, somewhat surprisingly, there is
yet not enough hard evidence (randomized clinical
trials) to tell whether the second generation of implants
has a better clinical performance than the machined
implants used earlier. Nevertheless, experimental evi-
dence from in vitro and in vivo studies strongly
suggests that some types of surface modifications pro-
mote a more rapid bone formation than do machined
surfaces. This could depend on an altered surface
chemistry and/or an increased texture on the micro-
metre scale (Albrektsson & Wennerberg 2004;
Ellingsen et al. 2006).

Recent studies also show that surfaces with nano-
scale features show additional biological effects
in vitro and in vivo, e.g. by producing an integration,
which ultrastructurally may be described as bonding
This journal is # 2010 The Royal Society
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on the atomic scale between the oxide and apatite
nanocrystals (Palmquist et al. 2010). Such surfaces,
intentionally modified with respect to microscale and
nanoscale features, may represent the next generation
of oral implant systems if possible to transfer to
complex three-dimensional geometries. Hitherto,
micro- and nano-fabricated surfaces have not reached
the clinical evidence stage.

The coating of titanium with, for example, different
types of calcium phosphates may improve bone
integration even further. Early attempts to use thick cal-
cium phosphate coatings have never reached commercial
and clinical success in dentistry and are therefore not the
focus of the present review. A review of ultrathin calcium
phosphate coatings suggests that such alterations
improve bone integration without the previously claimed
drawbacks of thick coatings (Junker et al. 2009).
Nevertheless, clinical studies are needed.

Ten years ago a number of scientific issues related to
titanium were discussed in a textbook format (Brunette
et al. 2001). Several of these questions were concen-
trated on the one hand on the modification of
titanium surfaces and their characterization, and on
the other hand, on the biological response to such
surfaces. Ten years later, significant advancements in
these areas have been made, both in terms of analytical
and experimental methodology and in understanding
of the biological mechanisms involved. Advances in
interface methodology and improvements in the basic
understanding of interface biology in vivo will be
reviewed in this article.

The development of future generations of oral
implants for compromised tissue conditions will most
probably entail tailored modifications of the material
surface, local release of pharmacological substances
and the recruitment and delivery of cells to the host
site. Such an approach will require a deepened under-
standing of the relationships between the host defence
and regeneration as well as access to the interface for
diagnostic and monitoring purposes.

The rest of the paper is divided into four sections.
Section 2 deals with the surface characteristics of oral
titanium implants. In §3, interface biology of oral
implants is discussed. Section 4 provides clinical
outcome of oral implants and §5 concludes with a
summary and future outlook.
2. SURFACE CHARACTERISTICS OF ORAL
TITANIUM IMPLANTS

Surface characteristics play a special role for the biologi-
cal performance of implants. Whereas mechanical
properties such as Young’s modulus and fatigue proper-
ties are mainly determined by the bulk of the material,
chemical and biological interactions between the
material and the host tissue are closely associated
with the material surface properties. These interactions
include early events such as binding of water molecules,
ions and biomolecules, as well as mineralization at the
implant surface. The result of these early interactions
will be a conditioning layer with which the cells will
eventually interact. The original surface can thus be
J. R. Soc. Interface (2010)
regarded as one of the factors that will determine the
tissue regeneration around the implant.

The surface properties of any material will be differ-
ent from those of the bulk, for different reasons. One
reason is a fundamental characteristic of surfaces. The
creation of a surface inevitably involves breaking of
the chemical bonds that keep the material together. A
freshly created surface represents an energetically
unfavourable situation, often referred to as high surface
energy. When the surface is exposed to an ambient, the
surface energy will rapidly be lowered by binding of,
and reactions with, molecules from the ambient. For
metals such as titanium, this involves reaction with
air oxygen to form a thin surface oxide. Secondly, and
more important for implants, the surface characteristics
are strongly influenced by the method of surface prep-
aration, handling and storage. During preparation of
the implant, the material surface is subjected to various
process chemicals that will leave residues at the surface.
If the preparation involves elevated temperature, this
will result in growth of surface oxide. Sterilization and
storage in a sterile package are also likely to influence
the surface, for example, via transfer of molecules
from the packaging material to the implant surface.
The close connection between surface preparation and
resulting surface characteristics means that in order to
produce reproducible implant surfaces, all aspects of
the manufacturing process and ensuing logistics need
to be carefully controlled.

Surface properties of interest for implants can
broadly be divided into structural properties and chemi-
cal properties. For titanium oral implants most of these
properties are associated with the surface oxide that
always covers the metal. The chemical composition of
surface oxides on titanium is usually titanium dioxide,
TiO2. The surface oxide is chemically stable and cor-
rosion-resistant, which makes titanium surfaces quite
stable under normal physiological conditions. The sur-
face oxide may also contain varying amounts of other
intentional or non-intentional (impurity) substances.
Furthermore, titanium implant surfaces are covered
by various amounts of organic molecules, originating
from adsorbed molecules from air, process residues or
packaging materials. The latter will, to a great extent,
influence the wetting properties of the surface and
thereby also important interactions such as protein
adsorption. Surface oxides on titanium can vary in
thickness from a few nanometres up to several micro-
metres, depending on the method of preparation and
the temperatures involved. They can have a microstruc-
ture that is amorphous (non-crystalline) or crystalline.
At least three different crystalline TiO2 phases are
possible, anatase, rutile and brookite, all of which
have different chemical properties.

The effect of the phase composition of the surface
oxide is a largely unexplored field as there are difficul-
ties of analysing the often very thin oxide layer of the
implants with regards to phase composition. There
exist a variety of methods allowing the identification
of phase composition of the surface oxide layer. How-
ever, many of these methods require flat surfaces and/
or rather thick oxides, which are crystalline. Few tech-
niques are available for the analysis of the native
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Figure 1. SEM images at 5000� magnification. (a) Anodic oxidized surface (TiUnite, Nobel Biocare) showing volcanoes porous
structure. (b) Machined surface (Fixture Original, Brånemark Integration) showing ridges and valleys along the turning direction
(adapted from Jarmar et al. 2008a,b). (c) Laser-modified surface showing a combined surface roughness in both the micro- and
nanoscale. (Scale bars, 5 mm.)
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oxides of screw-shaped, clinically used titanium
implants, having complex macro-geometries and
increased micro-roughnesses.

With Raman spectroscopy (where visible light scat-
tering is analysed) a thicker and crystalline oxide is
required to overcome the noise level in order to identify
the phase of the oxide (Sul et al. 2002). In the case of
amorphous oxides, no information is retrieved and it
is difficult to distinguish between amorphous or crystal-
line oxides thinner than a few tens of nanometres. The
same applies to X-ray diffraction (where the scattering
of X-rays is analysed): a larger flat area is needed to
overcome the noise level. With grazing incident or
thin film X-ray diffraction thinner oxides could be
analysed. However, these measurements will be signifi-
cantly disturbed by micro-roughness as the angle
becomes smaller. The use of transmission electron
microscopy (TEM) allows accurate measurements of
the lattice parameters as well as analysis of the micro-
structure and grain sizes of the surface layer by high
resolution TEM (HRTEM). In addition, electron dif-
fraction can be used for phase identification even on
nanoscale features. However, these techniques require
tedious sample preparation. With electropolishing, a
top view sample could be prepared by dissolving the
bulk metal leaving an electron transparent titanium
oxide window (Ask et al. 1990; Radegran et al. 1991).
In order to get information regarding possible gradients
throughout the oxide a cross-section sample is needed.
This could be obtained either by grinding and polishing
(Conforto et al. 2004) or by a focused ion beam (FIB;
Jarmar et al. 2008a,b). A novel tool in modern scanning
electron microscopy (SEM) is electron backscattering
diffraction detection. This technique allows electron
diffraction analysis of surface films, without extensive
sample preparation (Trager-Cowan et al. 2002;
Bhattacharyya & Eades 2009). However, the usefulness
of this technique for acquiring structural information of
real implant surfaces yet remains to be demonstrated.

The results of surface phase analysis for implants
found in the literature are scarce since only a few
TEM (Ask et al. 1990; Conforto et al. 2004; Jarmar
et al. 2008a,b; Palmquist et al. 2010) and Raman (Sul
et al. 2002; Lewandowska et al. 2007) analyses have
been performed. The clinically and commercially avail-
able oral implants show large differences in the phase
composition, ranging from thin amorphous oxides
grown on titanium hydride via thin rutile oxide to
J. R. Soc. Interface (2010)
thicker anatase/amorphous oxides (Conforto et al.
2004; Jarmar et al. 2008a,b).

In addition to chemical and phase composition, a
particularly important structural property of oral
implants is the surface topography, or surface rough-
ness. Depending on the scale of roughness, this will be
determined by the oxide or by the bulk material. For
thick oxides the surface structure may be completely
dominated by the oxide, whereas in other cases it is a
combination of a micrometre scale rough metal surface
covered by a thin oxide with nanometre scale roughness.
Whereas it is well established that surface roughness
on the micrometre scale plays an important role for cellu-
lar reactions, tissue healing and implant fixation
(Albrektsson & Wennerberg 2004), the role of surface
topography on the nanometre scale has not yet been
explored in a systematic manner.

The variety of surface characteristics that are
possible for titanium surfaces opens up opportunities
for modifying titanium implant surfaces to enhance
their biological performance. Currently used clinical
titanium oral implants display a wide variety of micro-
structural and chemical properties. A complete review
of all their properties is beyond the scope of this
paper, but to illustrate this some examples are given
in figures 1 and 2. Different mechanical, chemical and
optical methods such as machining, blasting, acid
etching, electrochemical oxidation and laser treatment
are used to produce titanium implant surfaces with
various surface topographies, oxide thicknesses,
crystallinities and compositions. Although extensive
documentation of the in vitro and in vivo performance
of most of these titanium surfaces exists from different
experimental models, it is difficult to draw any firm
conclusions regarding possible differences in their
performance in a clinical situation.

Different types of coatings can also be used to further
modify the surface. One interesting coating material for
dental and other bone-anchored implants is calcium
phosphate/hydroxyapatite (HA). HA coatings can be
applied with different techniques. Early examples were
made with plasma spraying, which is based on melting
the coating material and spraying it onto the material
to be coated, which produces rough and thick coatings.
Early experience with these coatings indicated that they
are prone to adhesion failure and cracking. An alterna-
tive technology is evaporation coating, such as physical
vapour deposition (PVD). In PVD, the coating is
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Figure 2. TEM images at various magnifications. (a) Anodic oxidized surface (TiUnite, Nobel Biocare) showing a 4–8 mm thick
oxide layer with a porous interface to the bulk metal. The oxide is both crystalline in anatase phase (electron diffraction inset)
and amorphous (scale bar, 1 mm). Further, the oxide contains phosphorus according to EDS (inset). (b) Machined surface (Fix-
ture Original, Brånemark Integration) showing a thin oxide (10 nm) distinguished by EFTEM for oxygen (inset). Further, the
crystal phase composition was identified by HRTEM to be rutile (scale bar, 50 nm). (c) Laser-modified surface showing a 200–
300 nm thick surface oxide (scale bar, 200 nm). The oxide consists of nanosized crystals according to HRTEM (inset); however, it
is difficult to distinguish between the rutile and anatase phase for this surface. ((b,c) Adapted from Jarmar et al. (2008a,b) and
Palmquist et al. (2010).)
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evaporated by sputtering of a HA source, and the coat-
ing is deposited atom by atom. The technique can be
used to make very thin (approx. nanometre) and up
to micrometre thick coatings with good adhesion
(Mohammadi et al. 2003, 2004). PVD is, however, a
line-of-sight process and, therefore, less well suited for
coating of implants with complex geometries. HA coat-
ings can also be produced in wet chemical processes,
such as sol–gel coating and biomimetic coating by
immersion in simulated body fluid or phosphate
buffered saline (Kokubo et al. 2001; Xia et al. 2010).
By varying the solution composition, immersion time
and temperature, these techniques offer multiple
possibilities to vary the thickness, morphology and com-
position of the coatings. The biological significance of
such modifications, however, remains to be investigated.

Another possibility to modify or coat the implant
surface is the use of immobilized molecules, as
covalently bonded and/or self-assembled monolayers.
Examples of monolayer coatings include silane coatings
and thiols with different end groups, which offer a wide
variety of surface chemical properties. They can be used
to modulate the hydrophilicity of the surface and to
introduce specific chemical functional groups (e.g.
methyl, hydroxyl or carboxyl groups) at the surface,
in an attempt to modulate the biological response
(Kalltorp et al. 2000). Belonging to this group of modi-
fications are also other approaches aiming at targeting
specific biological processes. Peptide sequences, such
as RGD, have been used as monolayer modifications
and shown to promote cell adhesion (Garcia et al.
2002). Another interesting approach is to incorporate
and/or attach molecules and pharmacological sub-
stances for local release from the implant or graft
J. R. Soc. Interface (2010)
material. An example is the use of bisphosphonates,
which downregulate osteoclast activity and result in
faster bone regeneration around implants (Wermelin
et al. 2008; Bigi et al. 2009). Another example is the
local application of simvastatin in conjunction with
ceramic bone void fillers, increasing the recruitment
of osteoprogenitors, promoting bone formation and
inhibiting osteoclastic activity (Park 2009; Nyan et al.
2010). Although the clinical success of monolayer
modified implants remains to be demonstrated, it can
be anticipated that different types of monolayer
coatings with, for example, proteins or other biologi-
cally active substances designed to target specific
biological mechanisms and signalling pathways will be
a strong line of development towards the next gener-
ation of implants.
3. INTERFACE BIOLOGY OF ORAL
IMPLANTS

3.1. Cell and molecular biology

Despite the wide use of titanium and the substantially
growing research on the development of new titanium
surfaces and/or modification of existing surfaces, a
detailed understanding of the mechanisms of osseointe-
gration is still lacking. Bone regeneration around oral
titanium implants has classically been regarded as simi-
lar to that observed after injury or fracture. This
healing is based traditionally on the succeeding phases
of inflammation, regeneration and remodelling with
possible overlapping at certain occasions. However,
major differences exist between the two types of healing
(i.e. in absence or presence of titanium implant) both on



Table 1. Gene expression at oxidized and machined implant surfaces during the first week of implantation in rat tibia. The
results are presented as a fold-difference between the oxidized (Ox) and machined (Ma) implants.

expressing cells and biological roles
12 h 1 day 3 days 6 days
Ox/Ma Ox/Ma Ox/Ma Ox/Ma

RUNX2 differentiation of MSCs towards osteoblastic lineage not analysed 1.83 6.086* not analysed
ALP osteoblasts, osteoprogenitors and others not analysed 1.628 5.118* 1.847*

�phosphate concentration
�inhibitors of crystals growth
calcium binder

CATK osteoclasts and preosteoclasts not analysed 1.039 3.988* 0.862
catabolize collagen and elastin
degradation and remodelling of extracellular matrix

TNF-a macrophages and inflammatory cells and cells of
mesenchymal origin

1 0.565* 1.841 0.607

modulates proliferation and apoptosis
inflammation
promote osteoclastic degradation

MCP-1 recruitment of monocytes/macrophages 1.37 0.49 not analysed not analysed
CXCR4 recruitment of various cell types including MSCs 11.87* 0.64 not analysed not analysed

*p , 0.05.
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the macro-level and on the cellular and molecular level.
In the presence of an implant, the implant itself will act
as an osteoconductive substrate decreasing the size of
the defect to be bridged by new tissue. A crucial
factor is the effect of the titanium surface on the differ-
ent biological components that come in contact with
the surface as soon as the implant is introduced into
the surgically prepared defect. Based on results from
mainly in vitro studies, the surface influences the initial
sequences of protein adsorption, platelet adhesion and
haemostasis, complement activation, inflammation
and osteogenic cell response (Nygren et al. 1997;
Boyan et al. 1998; Park & Davies 2000; Schneider
et al. 2003; Masaki et al. 2005; Tan et al. 2006;
Linderback et al. 2010). A major question is how early
molecular and cellular events are influenced by material
surface properties in vivo, and how these early events
influence the organization of the surrounding tissue
and its interlocking or bonding with the material
surface and, in turn, the ability of this interface to
adapt to long-term continuous load interactions.

The structure of the intact bone/titanium interface
is now well characterized down to the nanoscale
(Palmquist et al. 2008, 2009, 2010). However, the
early cellular and molecular activities determining the
early tissue response and bone formation at the bone/
implant interface are not yet fully understood. Several
questions about the effects of the physico-chemical
properties of the surface on the cellular pheno- and
genotypes at the immediate vicinity of the surface
need to be answered. Furthermore, the molecular mech-
anism of how and in which sequence the cells are recruited
and become adherent to the surface has to be defined.
Moreover, it is of great importance to understand the
effect of the material surface on cell–cell communication
during the early phase of osseointegration.

Using the highly sensitive quantitative polymerase
chain reaction in conjunction with the well-documented
rat tibia model of osseointegration it has been revealed
that gene expression of the interfacial cells is
J. R. Soc. Interface (2010)
immediately and differently influenced by titanium
implants depending on their surface properties (Omar
et al. 2010a,b). This model relied on analysing the
gene expression of cells adherent to screw titanium
implants during the first hours and days after implan-
tation (table 1). The model was further combined
with immunohistochemistry and SEM to confirm the
presence of specific cell types at the interface. These
results showed that the higher expression of monocyte
chemoattractant protein-1 (MCP-1) was coupled with
higher expression of pro-inflammatory cytokines TNF-
a (3 h and 1 day after implantation) and IL-1b (1 day
and 6 days after implantation) at machined implant
surfaces. On the other hand, the expression of the che-
mokine receptor CXCR4, a receptor for stromal derived
factor-1a (SDF-1a), was highly expressed at oxidized
surfaces as early as 12 h after implantation. These
results were corroborated by SEM and immunohisto-
chemical observations showing the coexistence of
monocytes/macrophages and mesenchymal stem cells
(MSCs) at the interfacial region with predominance of
MSCs at the oxidized surface. It has been shown that
early peak expression of SDF-1a during the first day
after tissue injury was associated with the highest
MSCs homing to the injury site (Cheng et al. 2008).
The role of SDF-1a/CXCR4 chemotactic axis in
mediating the recruitment of progenitor cells is attract-
ing considerable attention to reveal the paradigm of
mesenchymal cell recruitment to different sites of
healing (Ceradini et al. 2004; Ma et al. 2005; Wang
et al. 2008; Kitaori et al. 2009).

Attachment to a surface is one of the critical first
steps in the cell response to a biomaterial (Boyan
et al. 2001). In vivo, the cellular attachment is medi-
tated via a protein-rich layer and using several
families of adhesion receptors including heterodimeric
molecules, the integrins. T-shaped hollow titanium
implants treated with sulphuric and hydrochloric
acids showed higher expressions and peaks of b1 and
b3 integrins in the surrounding bone after one week
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in rat femur compared with turned titanium and
non-implant defect (Ogawa & Nishimura 2003). Cells
adherent to oxidized surfaces showed upregulation of
integrin b1 during the 24 h of implantation (Omar
et al. 2010a), which underscores the importance of ana-
lysing cells adherent to the implants in addition to their
presence in the surrounding tissue. In addition to osteo-
genic cells, monocytes and other cells also express
integrin b1. On the other hand, integrin b2, expressed
mainly by leukocytes (Stewart et al. 1995) and not by
cells of osteoblastic lineage (Hughes et al. 1993), was
higher at the oxidized implants after 12 h of implan-
tation. This integrin has also been shown to be
expressed by osteoclast progenitors (Hayashi et al.
2008). The results from a previous study (Omar et al.
2010b) showing a higher expression of osteoclastic
marker (cathepsin K) at the oxidized surface suggested
that the higher expression of b2 integrin may be due to
the early presence of osteoclasts in the interface.

Inflammation at the in vivo bone/implant interface
has not received similar attention as that given to the
soft tissue/implant interface. Histological studies in
bone revealed that macrophages and multinucleated
cells from monocytic lineage are present in machined
titanium implants (Sennerby et al. 1993a,b) and
HA-coated implants (van Blitterswijk et al. 1985;
Muller-Mai et al. 1990) during the early stage after
implantation. These cells are known to express a wide
range of pro-inflammatory and anti-inflammatory
cytokines, growth and differentiation factors and che-
motactic mediators. Major pro-inflammatory cytokine,
TNF-a, was upregulated after 3 h at the machined
implants compared with oxidized ones (Omar et al.
2010a). Higher expression was also observed at that
surface after 1 day. Downregulatory effect was also
observed on the expression of IL-6 at coin-shaped
titanium implants blasted with TiO2 particles and sub-
sequently treated with hydrofluoric acid (HF; Monjo
et al. 2008). On the other hand this surface was
associated with higher expression of anti-inflammatory
cytokine IL-10, eight weeks after implantation in
rabbit cortical bone. Since many cell types, including
osteoblasts, can express these cytokines and growth fac-
tors it is still important to define which cell type is
responsible for these changes in gene expression. For
instance, insulin-like growth factor (IGF-1) is an impor-
tant factor for osteogenic differentiation that can be
expressed by cells from both monocytic and osteogenic
lineages; the expression of IGF-1 was also upregulated
at HF surface during the eight week evaluation
period. In vitro studies have demonstrated that mono-
cyte cell line expressed BMP-2 (Champagne et al.
2002), which contributed principally to the osteogenic
differentiation; however, there are not yet in vivo data
showing the expression of BMP-2 from monocytes
during osseointegration. It is of great importance
to apply antibody-labelling strategies such as immuno-
histochemistry and fluorescence assisted cell sorting in
order to confirm such assumptions.

The regulation of gene expression at implant surfaces
in vivo is a complex process. It is probably that material
properties influence the gene expression of several fac-
tors by affecting key factors, such as RUNX2, which
J. R. Soc. Interface (2010)
is a crucial transcription factor in the differentiation
of mesenchymal cells towards the osteoblastic lineage.
This factor has also been shown to contribute to the
osteoclastic differentiation (Enomoto et al. 2003). The
higher expression of osteoblast markers alkaline phos-
phatase (ALP) and osteocalcin (OC) and osteoclast
marker cathepsin K (CATK) was parallel to a higher
expression of RUNX2 at the oxidized surfaces compared
with machined ones after 3 days of implantation (Omar
et al. 2010b). Similar results were demonstrated for HF
surface in comparison to similar surface without acid
etching (Guo et al. 2007). In the latter study, RUNX2
expression was evident after 7 days in rat tibia and
was associated with higher expression of ALP and
bone sialoprotein (BSP). Regulatory effect on the
expression of RUNX2 was also confirmed for the HF
surface in rabbit cortical bone in parallel with higher
expression of collagen 1 and OC after eight weeks of
implantation (Monjo et al. 2008). Machined implants
inserted in transgenic mice showed higher expression
of bone BSP after local administration of virus encoding
for osterix, which is a downstream factor of RUNX2
(Xu et al. 2009). Although all of these studies suggest
fast and strong influence of the different material
surface properties on the expression of critical
switching factors, it is still not revealed in which way
and which specific surface properties contribute to
such effects.

Recent studies on early osseointegration (hours–
days) have demonstrated that the upregulation of
genes responsible for bone formation ALP and OC
was coupled with upregulation of genes expressed by
osteoclasts indicating that the bone remodelling phase
is triggered much earlier than what has previously
been assumed (Omar et al. 2010b). Similar results
were observed with other surfaces where the over
expression of collagen 1 and OC was coupled with
higher expression of TRAP in cells adherent to coin
titanium implants retrieved from rabbit tibia after
eight weeks of implantation (Monjo et al. 2008). An
intimate cross-talk is established between osteogenic
cells and osteoclasts, e.g. the surface receptor RANK
on osteoclasts recognizes and binds to osteoblast
membrane-associated factor (RANKL) during the
osteoclastic differentiation from the monocytic lineage
(Katagiri & Takahashi 2002). Therefore, it is possible
that differentiation of one type of these cells would
be coupled with differentiation of the other type at
the implant surface. Taken together, results suggest
that active bone resorption and bone formation are pro-
cesses taking place over a wide time range and starting
already during the first days after implantation. Indeed,
studies evaluating the gene expression of interfacial cells
in combination with other structural and biomechanical
data, also at later time points, are needed to further
explore the role of early interfacial events for long-
term functional performance of the implant.
3.2. Ultrastructure

Understanding the bonding mechanisms between bone
and implant surface requires the application of high-
resolution imaging and elemental detection in intact
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implant–tissue specimens. The method of choice is
TEM where a variety of analyses are available and
readily performed. For imaging, different contrast
phenomena could be used to highlight different aspects,
bright field, dark field and high angular annular dark
field (HAADF). For elemental analysis most TEM
instruments are equipped with energy dispersive X-ray
spectroscopy (EDS) and some with electron energy
loss spectroscopy (EELS) where elemental information
at nano-level resolution may be provided. Further,
with EELS, energy filtered TEM (EFTEM) could be
performed as well as analysis of the electronic bonding
state of the elements, adding information regarding
the molecular structure. For structural analysis electron
diffraction and HRTEM reveal the crystalline structure
by analysis of the lattice parameter.

The associated problems and scarcity of publications
within the field of biomaterial lies with the cumbersome
sample preparation. The requirement of the TEM
sample is that it has to be electron transparent, which
means a thickness less than 100 nm. The conventional
sample preparation technique within the biological
sciences is to cut thin samples of embedded tissue
blocks with an ultramicrotome and diamond knife; how-
ever, this technique could not cut the implant material
(Albrektsson et al. 1981). Therefore, different methods
to circumvent this problem have been suggested. By
using titanium-coated plastic implants the intact inter-
face could be cut with a diamond knife as the titanium
coating is thin enough (Albrektsson et al. 1982). How-
ever, this method is strictly limited to experimental
research and could not be used on clinically retrieved
implants. Further, the lack of bulk properties and the
surface characteristics of the sputtered titanium coating
hampered comparisons with clinically used implants.
To be able to analyse clinically relevant implants a
method with gentle removal of the implant after embed-
ding and prior to sectioning was introduced (Thomsen
& Ericson 1985). Questions regarding where the separ-
ation actually occurs were raised and surface analysis of
the removed implant showed a low amount of residuals
and concluded that the separation occurred at the
bone–implant interface (Lausmaa & Linder 1988).
These observations have recently been confirmed for
smooth, machined implants (Palmquist et al. 2009).
However, the fracture technique is restricted to
smooth implants where fractures occur at the interface
to the implant. To be able to cut intact interfaces of
clinically relevant implants another approach was
developed where the bulk metal of the implant was
removed by electrochemical dissolution, leaving the
oxide layer intact prior to cutting ultrathin samples
(Sennerby et al. 1991). With this technique both the
oxide layer and bone were present in the samples but
due to demineralization of the interfacial bone induced
by the electrochemical process, the technique is
restricted to soft-tissue interfaces (Bjursten et al.
1990). Yet another method to remove the bulk metal
leaving the oxide layer has been performed by sawing
and grinding (Hemmerle & Voegel 1996), but this
method is restricted to thicker coatings such as
plasma-sprayed titanium. With FIB microscopy the pro-
blem with cutting the implant is overcome and true
J. R. Soc. Interface (2010)
intact section containing bulk metal, oxide layer and
eventual coatings and bone tissue could be prepared
(Engqvist et al. 2006) and could also be combined
with preparation of ground sections for histological
analysis (Palmquist et al. 2010).

The interfaces between bone tissue and titanium
implant surface described in the literature show some
common patterns as well as some differences depending
on the sample preparation method and research group.
Most of the published data are built on the separation
technique for sample preparation and the suggested
interfaces consist of either mineralized bone in direct
contact with the implant surface or with interposed
layers in the nanoscale. These interposed layers could
either be electron dense (Steflik et al. 1999) or electron
lucent (Albrektsson et al. 1985) and sometimes referred
to as a cement-like line (Davies 2007). With the use of
FIB for sample preparation where an intact interface
could be analysed as both implant and tissue are pre-
sent in the sample, it has recently been shown
that the interface is mineralized both for machined
(Palmquist et al. 2008) and laser modified implants
(Palmquist et al. 2010). Further, it has also been
demonstrated that the bonding mechanisms are
different between different implant surfaces where
micro- and nanostructured laser-modified implant
surfaces attain a strong bonding at the nano-level
(figure 3). However, systematic interface analysis has
to be performed with altered surface characteristics,
such as surface topography and surface phase compo-
sition, in order to further understand how the bone
tissue bonds to the implant surface.
4. CLINICAL OUTCOME OF ORAL
IMPLANTS

Osseointegrated dental implants are available in differ-
ent materials, body shapes, diameters, lengths,
platforms, surface properties and coatings. In particu-
lar, the area of implant surface modification and
coating has been subjected to aggressive marketing
aimed at establishing the superiority of a given surface
over the others. It is therefore important to know
whether there are surface modifications, implant
shapes or particular materials that can improve clinical
results. This summary of a Cochrane systematic review
(Higgins & Green 2009) looks at whether there are
differences in clinical performance among different
implant types. For a detailed description of the
review the reader is referred to the original publication
(Esposito et al. 2007).

Six hypotheses were tested.

— There is no difference between implants with differ-
ent surface preparations, but having similar shape
and material.

— There is no difference between implants with differ-
ent shapes, but having similar surface preparation
and material.

— There is no difference between implants made of
different materials, but having similar surface prep-
aration and shape.
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— There is no difference between various implant
types differing in surface preparation and/or shape
and/or material.

— There is no difference in the occurrence of early
failures between turned and roughened dental
implants.

— There is no difference in the occurrence of peri-
implantitis between turned and roughened dental
implants after 3 and 5 years in function.

All randomized controlled clinical trials (RCTs) with
a follow-up of at least 1 year in function of osseointe-
grated dental implants replacing missing teeth
comparing different implant types were reached on
the Cochrane Oral Health Group’s Trials Register, the
Cochrane Central Register of Controlled Trials (CEN-
TRAL), MEDLINE and EMBASE. Handsearching
included several dental journals. No language restric-
tion was applied and attempts were made to retrieve
unpublished data. The last electronic search was con-
ducted on 13 June 2007. Screening of eligible studies,
assessment of the methodological quality of the trials
and data extraction were conducted in duplicate and
independently by two review authors. Results were
expressed as random-effects models using mean differ-
ences for continuous outcomes and risk ratios (RR)
for dichotomous outcomes with 95% CI. Outcome
measures were (i) implant failures including implant
fracture and other mechanical complications not
J. R. Soc. Interface (2010)
allowing use of the implants, (ii) radiographic marginal
bone level changes on intraoral radiographs taken
with a paralleling technique, and (iii) occurrence of
peri-implantitis defined as implants affected by pro-
gressive marginal bone loss with signs of infection.

Forty different RCTs were identified. Sixteen of
these RCTs, reporting results from a total of 771
patients, were suitable for inclusion in the review. Eigh-
teen different implant types were compared with a
follow-up ranging from 1 to 5 years. All implants were
made in commercially pure titanium and had different
shapes and surface preparations.

— Trials comparing implants with different surface
preparations, but having similar shape and material
(three trials).
(i) Brånemark Mark III implants: turned versus

TiUnite oxide surface (Fröberg et al. 2006).
(ii) Brånemark Mark IV implants: turned versus

TiUnite oxide surface (Schincaglia et al. 2007).
(iii) 3i implants: full versus dual Osseotite surface

(Stavropoulos et al. 2007).

— Trials comparing implants with different shapes,
but having similar surface preparation and material
(three trials).
(i) Brånemark Mark II type versus Brånemark con-

ical transmucosal implants (Gatti & Chiapasco
2002).
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(ii) Brånemark standard versus Brånemark Mark IV
prototype implants (Friberg et al. 2003).

(iii) ITI cylindrical versus ITI tapered (Lang et al.
2007).

— Trials comparing implants with different materials,
but having similar surface preparation and shape
(no trials).

— Trials comparing implants with different surface
preparation and/or shape and/or material (10
trials).
(i) Astra versus Brånemark implants (Åstrand

et al. 1999).
(ii) Astra versus ITI implants (Kemppainen et al.

1997).
(iii) Brånemark versus IMZ implants (Batenburg

et al. 1998).
(iv) Brånemark versus ITI implants (Batenburg

et al. 1998; Moberg et al. 2001; Åstrand et al.
2002).

(v) Brånemark TiUnite versus Southern implants
(Payne et al. 2004).

(vi) IMZ versus ITI implants (Batenburg et al.
1998; Heijdenrijk et al. 2002).

(vii) ITI versus Southern implants (Payne et al.
2003).

(viii) Southern versus Steri-Oss implants (Tawse-
Smith et al. 2001, 2002).

— Early failures between turned and roughened sur-
faces (seven trials; Batenburg et al. 1998; Åstrand
et al. 1999, 2002; Moberg et al. 2001; Wennström
et al. 2004; Fröberg et al. 2006; Schincaglia et al.
2007).

— Peri-implantitis between turned and roughened sur-
faces at 3 years (three trials; Åstrand et al. 1999,
2002; Moberg et al. 2001).
On a ‘per patient’ rather than ‘per implant’ basis no sig-
nificant differences were observed between various
implant types for implant failures. There were statisti-
cally significant differences for peri-implant bone level
changes on intraoral radiographs in three comparisons
in two trials. In one trial there was more bone loss
only at 1 year for IMZ implants compared with
Brånemark (mean difference 0.60 mm; 95% CI 0.01 to
1.10) and ITI implants (mean difference 0.50 mm;
95% CI 0.01 to 0.99; Batenburg et al. 1998). In the
other trial Southern implants displayed more bone
loss at 5 years than Steri-Oss implants (mean difference
20.35 mm; 95% CI 20.70 to 20.01; Tawse-Smith et al.
J. R. Soc. Interface (2010)
2002). However this difference disappeared in the meta-
analysis. More implants with rough surfaces
were affected by peri-implantitis (RR 0.80; 95% CI
0.67–0.96) meaning that turned implant surfaces had
a 20 per cent reduction in risk of being affected by
peri-implantitis over a 3 year period (figure 4).

Based on the available results of RCTs, there is
limited evidence showing that implants with relatively
smooth (turned) surfaces are less prone to lose bone
owing to chronic infection (peri-implantitis) than
implants with rougher surfaces. On the other hand,
there is no evidence showing that any particular type
of dental implant has superior long-term success.
These findings are based on a few RCTs, often at high
risk of bias, with few participants and relatively short
follow-up periods. More RCTs should be conducted,
with follow-up of at least 5 years including a sufficient
number of patients to detect a true difference. Such
trials should be reported according to the CONSORT
recommendations (www.consort-statement.org/).
5. SUMMARY AND FUTURE OUTLOOK

Currently used clinical dental implants show a wide
variety of surface characteristics, both in terms of struc-
tural and chemical properties. Whereas the materials
for the first generation of dental implant were selected
mainly on the basis of their mechanical properties and
corrosion resistance under physiological conditions,
the current ones can be regarded as the second gener-
ation. Their surfaces have been modified—mainly
with respect to surface topography, but in some cases
also chemical composition—in order to achieve a
better biological response. From experimental studies
and clinical experience, there is extensive empirical
knowledge about the role of such surface modifications
for biological responses. However, this knowledge is
very fragmented, and we are still far from a situation
where we understand the different biological processes
taking place at the interface, and how these are influ-
enced and can be controlled by specific surface
properties. The development of the next, third gener-
ation of dental implants will require further knowledge
about the interface biology on a molecular and cellular
level. Implant surfaces modified with or releasing biologi-
cally active substances, new microscopic and analytical
tools, and the new, emerging understanding about
stem and progenitor cells will play an important role in
acquiring the knowledge necessary for specifying the
optimal properties of the next generation of oral
implants for a given clinical indication.

http://www.consort-statement.org/
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H. & Gröndahl, K. 1999 Astra Tech and Brånemark System
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Fröberg, K. K., Lindh, C. & Ericsson, I. 2006 Immediate
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